Twenty-seven marine sediment-and sponge-derived actinomycetes with a preference for or dependence on seawater for growth were classified at the genus level using molecular taxonomy. Their potential to produce bioactive secondary metabolites was analyzed by PCR screening for genes involved in polyketide and nonribosomal peptide antibiotic synthesis. Using microwell cultures, conditions for the production of antibacterial and antifungal compounds were identified for 15 of the 27 isolates subjected to this screening. Nine of the 15 active extracts were also active against multiresistant Gram-positive bacterial and/or fungal indicator organisms, including vancomycin-resistant Enterococcus faecium and multidrug-resistant Candida albicans. Activityguided fractionation of fermentation extracts of isolate TFS65-07, showing strong antibacterial activity and classified as a Nocardiopsis species, allowed the identification and purification of the active compound. Structure elucidation revealed this compound to be a new thiopeptide antibiotic with a rare aminoacetone moiety. The in vitro antibacterial activity of this thiopeptide, designated TP-1161, against a panel of bacterial strains was determined.
Natural products remain the most prolific source of new antimicrobials, and the chemical diversity of natural compounds is still unmatched by combinatorial chemistry approaches (9, 31) . While the latter has been successfully applied for lead optimization, it basically failed to deliver genuinely new pharmacophores, especially in the field of antimicrobials (31) , mainly due to limitations in the structural variety of compounds represented in combinatorial libraries.
Most of the antibiotics in clinical use today have been developed from compounds isolated from bacteria and fungi, with members of the actinobacteria being the dominant source (34) . Traditionally, most of these antimicrobials have been isolated from soil-derived actinomycetes of the genus Streptomyces. However, isolation strategies in recent years have been directed to unexploited environments like marine sources (40) . Bioprospecting efforts focusing on the isolation and screening of actinobacteria from ocean habitats (25, 27) have added new biodiversity to the order Actinomycetales and revealed a range of novel natural products of pharmacological value. The existence of marine actinobacterial species physiologically and phylogenetically distinct from their terrestrial relatives is now widely accepted, and new taxonomic groups of marine actinomycetes have been described for at least six different families within the order Actinomycetales (12) . Apart from being phylogenetically distinct from their terrestrial relatives, marine isolates have been shown to possess specific physiological adaptations (e.g., to high salinity/osmolarity and pressure) to their maritime surroundings and many were found to produce novel and chemically diverse secondary metabolites (10, 13, 35) .
Most streptomycetes and other filamentous actinomycetes possess numerous gene clusters for the biosynthesis of secondary metabolites (2, 32) , and genome sequence studies have shown that large portions of their genomes are devoted to secondary metabolite biosynthesis. Twenty gene clusters coding for known or predicted secondary metabolites were identified in the 8.7-Mb genome of Streptomyces coelicolor A3(2) (2), and 6.4% of the 8.7-Mb genome of Streptomyces avermitilis is dedicated to gene clusters for secondary metabolite biosynthesis (32) . The marine actinomycete Salinispora allocates nearly 10% of its 5.2-Mb genome to 17 diverse biosynthetic loci, including polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), and several hybrid clusters (4, 43) . Many medicinally important natural products, including antibacterials and antifungals, are synthesized by these multimodular assembly lines (14) , and genome mining for secondary metabolite gene clusters has become a common tool to assess the genetic capability of bacteria to produce novel bioactive compounds. However, even for well-studied model antibiotic producers like S. coelicolor A3 (2) , discrepancies between the number of known metabolites on the one hand and the number of pathways identified from genomic data on the other hand are tremendous (2) . These discrepancies can only be explained by the facts that most gene clusters for secondary metabolites are silenced under standard laboratory cultivation conditions and that an expression or upregulation of these pathways is only triggered in response to certain environmental signals. It has been shown that by cultivating bacteria under a range of conditions, it is possible to obtain products of many of these "orphan" biosynthetic pathways (4) . Using the OSMAC (one strain-many compounds) approach, Bode et al. were able to isolate more than 100 compounds comprising 25 structural classes from only six microorganisms (4) .
In this study, marine sediment-derived actinomycete isolates were analyzed for the production of antimicrobial secondary metabolites by using microwell plate fermentations and a range of media and conditions. This approach led to the isolation of a new thiopeptide antibiotic, designated TP-1161, produced by a marine sediment-derived Nocardiopsis isolate. Here we report the isolation and structural and biological characterization of TP-1161.
MATERIALS AND METHODS
Sample collection and bacterial isolation. Actinomycete strains were isolated from sediments and sponges collected in the Trondheim Fjord, Norway. For detailed descriptions of the sampling sites and isolation conditions for the 27 actinomycetes used in this study, see Tables S1, S2 , and S3 in the supplemental material.
Molecular taxonomy and phylogenetic analyses of actinomycete bacteria. Isolates with adaptations to the marine environment were chosen based on the results of a growth evaluation on ISP2 agar medium prepared without and with 0.5ϫ artificial seawater. After the two conditions were compared, 27 isolates displaying a preference or obligate requirement for seawater in their growth medium (exhibited by no or only poor mycelial growth, delayed development of aerial mycelium, and later onset of sporulation on medium prepared without seawater) were selected for further studies (Table 1) . A phylogenetic characterization based on molecular taxonomy was performed by sequence analysis of the 16S rRNA gene. Genomic DNA of all strains was isolated using the Qiagen DNeasy Blood and Tissue kit. The 16S rRNA gene was amplified by PCR using universal bacterial 16S rRNA gene primers F27 and R1492 (44) . The PCR products obtained were cloned into the Qiagen pDrive PCR cloning vector and sequenced using standard M13 vector primers and, when necessary, primer 1100R (28) . DNA sequences were assembled using the CAP3 Sequence Assembly Program (16) , and the resulting partial 16S rRNA gene sequences (average length, 1,470 bp) were compared to those available in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank (Tables S1 and S2 ), isolation procedures (Table S3) , and isolation media, see the supplemental material.
/index.html) using nucleotide BLAST. Sequences were aligned, and a phylogenetic tree was constructed using the Molecular Evolutionary Genetics Analysis (MEGA) software version 4 (21) . The tree was computed using the neighbor-joining method (38) , and the resulting tree topology was tested by bootstrap analysis (11) performed with 1,000 replicates. Evolutionary distance was computed by the maximum composite likelihood method (42) and is expressed as the number of base substitutions per site. All positions containing gaps and missing data were eliminated from the data set (complete deletion option). There were a total of 1,358 positions per sequence in the final data set. The 16S rRNA gene sequence of Bifidobacterium bifidum (GenBank accession number EF589113.1) served as an outgroup to root the tree.
PCR screening for PKS/NRPS genes. To assess the potential of isolated bacteria to synthesize polyketide-and nonribosomal peptide-derived secondary metabolites, their DNA was subjected to the following analysis. Three different degenerate primer pairs were used to screen the genomes of the 27 actinomycetes for the presence of modular/iterative PKS and NRPS genes. The primers and PCR amplification conditions used were as described previously (6) . All PCRs were performed with 10 to 20 ng genomic template DNA isolated using the Qiagen DNeasy Blood and Tissue kit. PCR products were purified using the Qiagen gel extraction kit, cloned into the Qiagen pDrive vector, and transformed into Escherichia coli DH5␣ by standard methods. Plasmids were isolated using the Wizard Plus SV Minipreps DNA purification system (Promega), and inserts were sequenced using standard vector primers.
Screening of isolates for production of antimicrobial compounds. Fermentations of the 27 marine actinomycete isolates were performed in 800-l microcultures in 2-ml deep-well plates (Greiner Bio One 96-well polypropylene Masterblocks with 2-ml deep square wells). To prevent excessive pellet formation, 3-mm-diameter glass beads were added (one bead per well). Fermentation cultures were inoculated 5% from frozen suspensions of densely grown seed cultures and incubated at 25°C, 800 rpm, and 85% humidity on a rotary shaker. M3 (1% glucose, 0.2% yeast extract, 0.1% L-asparagine, and 0.05% K 2 HPO 4 per liter of artificial seawater, pH 7.8), ISP2 (Difco), 0.5ϫ ISP2 prepared with 0.5ϫ artificial seawater, and tryptic soy broth prepared with 0.5ϫ artificial seawater served as seed culture media. For the fermentation media for metabolite production used in this screening (PM1 to PM14), see the supplemental material. For extraction, entire fermentation cultures were freeze-dried and extracted with 600 l dimethyl sulfoxide (DMSO) for 2 h at 800 rpm at room temperature. Cell extracts were obtained by centrifugation (8,000 ϫ g, 10 min) and stored at Ϫ20°C.
Agar diffusion assay against Micrococcus luteus ATCC 9341 and Candida albicans ATCC 10231. Fermentation extracts were screened in two stages for antibacterial and/or antifungal activity. The first step consisted of agar diffusion assays using M. luteus ATCC 9341 and C. albicans ATCC 10231 as bacterial and fungal indicator organisms. Inoculums of M. luteus were prepared by growing the bacteria in AM1 medium (17) to an optical density at 600 nm (OD 600 ) of 5.0 (SpectraMaxPlus 384 ; Molecular Devices). Sterile glycerol was added to a final concentration of 10%, and the culture was stored in aliquots at Ϫ80°C. C. albicans was grown in AM19 medium (18) to an OD 660 of 10.0 and stored as described above. M1 or M19 medium prepared with 1% agarose was inoculated with 0.5 to 1% (vol/vol) indicator organism and dispensed into Nunc OmniTray plates. DMSO extracts (3 l) were applied on top of the solidified agarose, and the plates were incubated at 4°C for 30 min to allow diffusion of the applied extract into the surrounding medium. Afterwards, the plates were incubated for 13 h at 34°C to allow microbial growth. Extracts were identified as antibacterial and/or antifungal based on the observed growth inhibition of the corresponding indicator strains (visible as inhibition zones in agarose medium seeded with test organisms).
Bioassay of selected extracts against Enterococcus faecium CCUG 37832 and C. albicans CCUG 39343. DMSO extracts with strong antibacterial and/or antifungal activity identified in agar diffusion assays were assayed in addition for antagonistic activity against E. faecium CCUG 37832 harboring multiple antibiotic resistances and the yeast C. albicans CCUG 39343 (for a description of the antibiotic resistance phenotype, see Table S4 in the supplemental material) by using robotic bioassay procedures as described by Jørgensen et al. (19) . As the assay medium for E. faecium, Difco brain heart infusion broth was used. The purpose of this second screening stage was to limit the probability of rediscovery of known antibiotics.
Identification of thiopeptide TP-1161. Whole fermentation broth of the isolate TFS65-07 was extracted with methanol (equal volume) and fractionated on an Agilent 1100 series high-performance liquid chromatography (HPLC) system with a Zorbax Bonus-RP column (2.1 by 50 mm, 3.5 m) connected to a diode array detector (DAD) and a fraction collector system. Methanol and 10 mM ammonium acetate (pH 4) were used as the mobile phase, and the methanol gradient was linearly increased from 10 to 90% for 24 min. Fractions were sampled every minute for the whole run. Drying of the samples and agar diffusion assays to point out fractions with antibacterial or antifungal activity were performed essentially as described above, with M. luteus ATCC 9341 and C. albicans CCUG 39343 as the indicator organisms. Bioactive fractions were analyzed using an Agilent HPLC system with a Zorbax Bonus-RP column (2.1 by 50 mm, 3.5 m) connected to a DAD and a time-of-flight (TOF) apparatus to determine the accurate mass of the bioactive compound. Ten millimolar ammonium acetate (pH 7) and acetonitrile were used as the mobile phase, and electrospray ionization was performed in the negative mode.
Production of TP-1161. For small-scale production of TP-1161, TFS65-07 was grown in 500-ml baffled flasks with 100 ml PM4 medium prepared with 0.5ϫ artificial seawater (see the supplemental material). Five grams of glass beads (3-mm diameter) was added to each flask to increase the shear force and avoid extensive pellet formation. Production cultures were incubated for 14 days at 25°C and 225 rpm (orbital movement, 2.5-cm amplitude) before harvesting. Production cultures were inoculated (3%, vol/vol) from seed cultures cultivated in shake flasks for 3 days at 25°C and 225 rpm in 0.5ϫ tryptone soya broth supplemented with 20 g/liter glucose. Fermentation of TFS65-07 for production of TP-1161 for structure elucidation was performed in 3-liter Applikon fermentors with 1.5 liters BPS-4_KD medium (soy flour at 30 g/liter, corn flour at 20 g/liter, malt extract at 7 g/liter, yeast extract at 4 g/liter, CaCO 3 at 5 g/liter, and glucose at 50 g/liter [pH 7.8] prepared with 0.5ϫ artificial seawater and supplemented with 3 ml/liter trace mineral solution TMS1 [39] and 0.6 ml/liter Symperonic PEl/61 antifoam).
Fermentations were run for 14 days at 25°C with constant aeration (gas volume flow per unit of liquid volume per minute of 0.25) and agitation (1,000 rpm). The pH was controlled at 7.5 with 2 M NaOH. Seed cultures for the fermentations were prepared in 500-ml baffled shake flasks with 100 ml 2ϫ ISP2 medium (yeast extract at 8 g/liter, malt extract at 10 g/liter, glucose at 4 g/liter [pH 7.8]). The medium was prepared with 1ϫ artificial seawater. Seed cultures were incubated for 2 days at 25°C and 225 rpm prior to inoculation of the fermentations (3 vol%).
Purification of TP-1161. TP-1161 was purified in a two-step purification process. Culture broth was centrifuged, and the mycelial pellet was frozen at Ϫ20°C. After thawing, the mycelium was washed twice with deionized water and then with a 1:1 mixture of deionized water and isopropanol. TP-1161 was extracted with methanol (1 ml methanol/g wet pellet) for 1 h, and the supernatant was collected by centrifugation. The extract was concentrated to approximately half of the volume on a rotational evaporator. The extract was stored overnight at Ϫ20°C to precipitate impurities. The precipitate was then removed by centrifugation (15 min, 120,000 rpm, 4°C), followed by filtration. The concentrated extract was purified using an Agilent 1100 series preparative HPLC system with an Agilent Prep-C 18 column (50 by 250 mm, 10 m) connected to a DAD and a fraction collector. Methanol and 10 mM ammonium acetate (pH 4) were used as the mobile phase. The methanol concentration was linearly increased from 70 to 80% for the first 4 min, kept at 80% for the next 6 min, and then kept at 100% for the next 2 min. The fractions were adjusted to approximately pH 7 with NH 3 solution . The methanol in the fractions was evaporated, and the aqueous phase was concentrated on an Oasis HLB solid-phase extraction cartridge.
TP-1161 structure elucidation. Optical rotation was measured on a PerkinElmer 341 polarimeter. Nuclear magnetic resonance (NMR) experiments were carried out on a Bruker AVANCE III instrument at 500 MHz using a 1-mm TXI probe. Spectra were analyzed utilizing Bruker TP-1161 in vitro antibacterial activity (MIC determination). TP-1161 was tested against a panel of Gram-negative and Gram-positive pathogens. MICs for all Gram-positive and Gram-negative bacterial strains were determined by standardized microdilution tests using Mueller-Hinton broth (Acumedia). Bacterial inoculums containing 5 ϫ 10 5 CFU/ml were incubated for 24 h at 36°C in the presence of different antibiotic concentrations according to Clinical and Laboratory Standards Institute protocols (document M100-S15 [8] ). The majority of the bacterial strains used were clinical isolates, while some were obtained from ATCC (American Type Culture Collection).
Nucleotide sequence accession numbers. 
RESULTS
Molecular taxonomy and phylogeny of marine actinomycete isolates. Twenty-seven bacterial isolates from marine sediments and sponges, preliminarily classified as actinobacteria based on their growth morphology, were selected for further studies. An additional criterion for selection was the isolates' dependence on or preference for seawater for growth. The results of the 16S rRNA gene analysis of these isolates are summarized in Table 1 , presenting the 16S rRNA gene sequences of the closest phylogenetic neighbors with the highest similarity values obtained from a BLAST search. For a description of the evolutionary relationships of the 27 isolates and closely related taxa, including the closest actinobacterial type strains in the form of a neighbor-joining tree, see Fig. S1 in the supplemental material. The phylogenetic tree divides the 27 isolates into five clades comprising eight different genera within the Actinomycetales: Nocardiopsis, Streptosporangium, Streptomyces, Actinoalloteichus, Pseudonocardia, Rhodococcus, Saccharomonospora, and Micromonospora. The largest clade consists of seven Nocardiopsis isolates and is divided into four subclusters around the closest type strains, Nocardiopsis exhalans, N. alba, N. listeri, and N. umidischolae. All seven isolates exhibited the highest level of 16S rRNA gene similarity (99%) to Nocardiopsis sp. isolated from marine sediments. Six of these strains had previously been isolated from sediments in the Trondheim Fjord (6), whereas one isolate (TFS73-15) had the highest similarity (99%) to Nocardiopsis sp. 13634A isolated from marine sediments collected in the Caribbean.
The two largest clades consist of six Streptomyces spp. and six Micromonospora spp. Five Streptomyces isolates exhibited the highest 16S rRNA gene similarity (97 to 99%) to Streptomyces spp. isolated from marine sediments (TFS65-13, TFS66-01, TFS79-01, and TFS116-04) or sponges (TFS79-15). The six Micromonospora isolates are divided into four subclusters, and the 16S rRNA gene analysis yielded the highest similarity values for all isolates to Micromonospora spp. from soil samples. The genus Streptosporangium is represented by three isolates, all originating from sponges. Two of these (TSI129-12 and TSI129-23) show the highest similarity (99%) to Streptosporangium spp. from terrestrial sources, whereas the TSI124-17 16S rRNA gene displays the highest similarity to that of Streptosporangium sp. TFS224 isolated from sediment samples from the Trondheim Fjord (6) . The Saccharomonospora clade consists of two isolates which are divided into two subclusters in the phylogenetic tree and show the highest 16 rRNA gene sequence similarity (98 and 99%) to Saccharomonospora sp. isolated from soil samples. TSI127-17 was classified as a member of the genus Actinoalloteichus with the highest similarity (98%) to Actinoalloteichus hymeniacidonis cultivated from a marine sponge. The genus Rhodococcus is represented by one isolate showing the highest similarity (99%) to the marine sediment-derived Rhodococcus marinonascens. Isolate TSI116-13 was found to be the most closely (99%) related to Pseudonocardia petrophila isolated from soil.
PCR screening for PKS and NRPS genes. Members of the Actinomycetales are known as prolific producers of secondary metabolites. To assess the genetic potential of the 27 selected isolates to produce polyketide and peptide antibiotics, a PCR screening for genes encoding PKS type I and II ketosynthase and NRPS adenylation domains was performed using degenerate primers. Amplification products for gene fragments for all three biosynthetic systems were obtained from the majority of the isolates (Table 2 ). To confirm that the amplified sequences in fact represented the targeted gene segments, amplicons of selected strains were subcloned and sequenced. In all cases, amplification of the target sequences was confirmed by sequence analysis (data not shown).
Screening for new antimicrobials in microwell cultures. In order to reveal the phenotypic potential of the selected isolates for production of antimicrobial compounds, they were subjected to a series of microwell fermentations using a variety of media. In the first series, 12 isolates classified as obligatorily seawater dependent (Table 1) were cultivated for 7 to 19 days Entire fermentation cultures were extracted with DMSO, and the extracts were analyzed for activity against M. luteus ATCC 9341 and C. albicans ATCC 10231 in agar diffusion assays. Based on the results of this first bioassay, the number of production media was scaled down to six, representing those which yielded most of the antibacterial and antifungal activity (PM2, PM3, PM4, PM6, PM7, and PM14), for screening of the remaining isolates. Isolates displaying a dependency on seawater in their growth medium were cultivated in these six media prepared with 0.5ϫ and 1ϫ artificial seawater, while isolates displaying a seawater preference during growth were cultivated in media prepared with deionized and 0.5ϫ artificial seawater, respectively. All fermentations were performed at 25°C and 800 rpm, and the cultures were harvested for extraction after 10 to 21 days. Fifteen of the 27 isolates subjected to this screening were found to produce compounds inhibiting the growth of M. luteus ATCC 9341 and/or C. albicans ATCC 10231 (Table 2) . To reduce the possibility of rediscovery of commonly produced antibiotics, a second screening was performed by using multiply resistant bacterial and fungal indicator organisms. Extracts of 9 of the 15 strains displaying strong antibacterial and/or antifungal activity in the agar diffusion assay were thus analyzed for activity against vancomycin-resistant E. faecium CCUG 37832 and C. albicans CCUG 39343 (for a description of the resistance phenotype, see the supplemental material) in an automated bioassay. This second bioassay identified extracts of nine strains with activity against one or both of the multidrug-resistant indicator strains (Table 3) . Based on the potent antibacterial inhibition profile of extracts from Nocardiopsis sp. TFS65-07, this strain was chosen for further analyses and identification and purification of the bioactive compound.
Identification of the bioactive compound produced by isolate TFS65-07. Fermentation extracts of TFS65-07 causing strong growth inhibition of E. faecium CCUG 37832 were subjected to liquid chromatography (LC) fractionation to identify the bioactive compound. Bioactivity against M. luteus ATCC 9341 was identified in two neighboring fractions. These fractions were not active against C. albicans CCUG 3934. LC-DAD-TOF analysis of the bioactive fractions showed a significant UV absorption peak with a maximum at 250 nm and a significant mass spectrometry peak which corresponded well to the UV absorption peak (see Fig. S2 in the supplemental material). To further characterize the putative bioactive compound, scaled-up production in both shake flasks and batch fermentors and purification (see Materials and Methods) were performed. The production levels achieved in shake flasks and fermentors were relatively low (Ͻ20 mg/liter). The pure product was analyzed by LC-DAD-TOF (see Fig. S2 in the supplemental material). The measured accurate mass, [M Ϫ H] Ϫ , of the compound was 1,160.2564. Assuming that the measured mass is within 2 ppm of the correct mass of the molecule, the accurate mass (M) was calculated to be between 1,161.2619 and 1,161.2665. The molecule is further referred to as TP-1161.
Elucidation of TP-1161 structure. TP-1161 possesses a molecular formula of C 50 H 47 N 15 O 13 S 3 , as determined on the basis of HRMS and NMR data. Phase-sensitive heteronuclear single quantum coherence (HSQC) experiments revealed the peptidic nature of the molecule. From the HSQC experiments, further structural features could be derived indicating the presence of four dehydroalanine groups, i.e., three 2,4-disubstituted thiazoles and one 2,4-disubstituted oxazole (Oxz) moiety. The presence of these structural features strongly suggested the molecule to be a representative of the thiopeptide antibiotics (1). This assumption was also supported by the molecular weight of 1,161 and the UV/VIS spectrum of the molecule showing an absorption maximum at 250 nm. The structural data also strongly indicated the presence of a trisubstitued pyridine (Pyr) functional unit, thus assigning the compound to the d series of thiopeptide antibiotics (1) . Further analysis of the 13 C NMR, HSQC, and HMBC data led to the identification of 11 partial structures (assigned in Fig. 1 ). The planar structure of TP-1161 was obtained from the partial structures by further interpretation of the HMBC data, taking advantage of the correlations of the nonexchanging amide protons. A literature search of the d series of thiopeptide antibiotics (more than 49 members have been reported to date [1] ) revealed that TP-1161 shows a close resemblance to the A10255 series of antibiotics published by Lilly and company in 1992 (5). The distinct structural differences are found at the methyl group attached to the C-5 position of Oxz-2 in the Ca-Oxz-2-Dhb substructure and at the C-terminal TP-1161 bearing an unusual aminoacetone moiety. The NMR data for TP-1161 (see Table S5 in the supplemental material), compared to the values reported in the literature, confirm the close similarity of the compounds mentioned.
As it has recently been shown that the thiopeptide antibiotics are derived from ribosomally synthesized peptide precursors with no epimerization domains encoded in the biosynthetic gene clusters (23), we assume that TP-1161 also occurs in its natural stereoconfiguration (Fig. 1) .
TP-1161 in vitro antibacterial activity. The in vitro antibacterial activity of TP-1161 was assessed against a panel of Gramnegative and Gram-positive bacteria, mostly represented by (Table 4) . TP-1161 also inhibited the growth of vancomycin-resistant bacterial strains represented by Enterococcus faecalis 560 and E. faecium 569, with a MIC of 1 g/ml.
DISCUSSION
Marine sediment-derived actinomycetes as a source of new antimicrobials. Most of the antibiotics in clinical use today were discovered more than 5 decades ago, with only two new antibacterial agents with new mechanisms of action (the synthetic oxazolidinone linezolid and the natural-product-based lipopeptide daptomycin) approved over the last 10 years (41) . Loss of efficacy of existing drugs due to emerging multidrugresistant pathogens threatens to outpace the development of new antimicrobials. The majority of all anti-infective drugs were either derived from or inspired by natural products (9) , and new antibiotics are most likely to come from naturalproduct-based research since neither genomics-derived targetbased research nor combinatorial chemistry has so far provided drugs that have actually entered the market (33) . Thus, mining microbial diversity represents the most promising source for obtaining new and diverse antimicrobial leads.
The results of this study support previous findings that fjordderived actinomycetes are a promising resource for drug discovery (6, 7) . PCR screening indicated that the overall majority of the 27 isolates studied have the genetic capability to produce representatives of more than one antibiotic class. Using different cultivation media, conditions for the production of these antibiotics could be determined for more than half of the isolates, with 30% of the isolates producing compounds with antagonistic activity against multidrug-resistant indicator organisms. The screening and further focused production/isolation resulted in the identification of the new antibacterial thiopeptide antibiotic TP-1161.
TP-1161 structure and activity. The macrocyclic peptide scaffold of all thiopeptide antibiotics contains a six-membered tri-or tetrasubstituted nitrogen heterocycle. According to the structure and oxidation state of this Pyr ring, thiopeptides can be divided into five classes (series a to e) encompassing 29 different antibiotic families with nearly 80 structurally distinct compounds (1) . TP-1161 belongs to the series d thiopeptides, which make up the most prolific class and are characterized by a 2,3,6-trisubstituted Pyr domain located at the center of a single peptide macrocycle. The amino acid residues constituting the peptide macrocycle are typically highly modified, and common modifications include cyclodehydration of serine, threonine, and cysteine side chains to oxazoline and thiazoline heterocycles, which can then be further oxidized to aromatic Oxz and thiazole systems. Series d thiopeptides typically carry a side chain of dehydrated or heterocyclic amino acids attached to the Pyr 6 position (1).
Members of this complex group of naturally occurring peptide antibiotics have been isolated predominantly from Grampositive bacteria, mainly terrestrial actinomycetes of the genus Streptomyces (1) but also from marine sediment-derived bacteria (30) . Thiopeptide antibiotics possess no activity against Gram-negative bacteria but are potent inhibitors of protein synthesis in Gram-positive bacteria, including multidrug-resistant pathogens like methicillin-resistant Staphylococcus aureus and vancomycin-resistant E. faecium. In addition to interfering with bacterial protein synthesis, antibiotics like thiostrepton and micrococcin possess activity against the human malaria parasite Plasmodium falciparum (26, 36) ; others have potential applications as neostatic agents (3, 22) . The biosynthetic origin (20, 24, 45) and revealed these compounds to be derived from ribosomally synthesized precursor peptides which are converted to their final structures by a series of posttranslational enzymatic modifications (23) .
The in vitro activity profile of TP-1161 mirrors the characteristics described for other thiopeptide antibiotics. It was not active against Gram-negative bacteria, while displaying good activity against a panel of Gram-positive clinical isolates, including two multidrug-resistant Enterococcus strains (Table 4) . Thiopeptides exert their antibacterial activity through at least three different mechanisms of action. Antibiotics like thiostrepton and micrococcin interfere with peptide elongation by binding to the 23S region of the large ribosomal subunit at the ribosomal protein L11 binding domain, a region that also interacts with bacterial elongation factor G (37). The thiomuracins, the amythiamycins, or the GE2270 factors inhibit protein synthesis by binding to bacterial elongation factor Tu and preventing it from delivering incoming aminoacyl-tRNAs to the ribosome (1, 23, 29) . A third mechanism is employed by the cyclothiazomycins which target DNA-dependent RNA synthesis by inhibition of RNA polymerase (15) . Further studies are necessary to determine the mechanism of action and molecular target(s) of TP-1161.
